In this paper, we investigate the impact of interference on the performance of selection based parallel multiuser scheduling. In conventional parallel multiuser scheduling schemes, every scheduled user is interfering with every other scheduled user. This is a factor which limits the capacity and performance of multiuser systems and the level of interference becomes substantial as the number of scheduled users increases. Based on the above motivation, we investigate the trade-off between the throughput and the number of scheduled users. The major difficulty in the total average sum rate capacity and the average spectral efficiency (ASE) analysis resides in the determination of the statistics of the Signal to Interference plus Noise Ration (SINR) of the scheduled user. Fortunately, we could derive the accurate statistical characterization of the SINR of the scheduled user. With these accurate statistical analysis, we derive the total average sum rate capacity and the average spectral efficiency based on the SINR. Based on the ASE and the total average sum rate capacity analysis, we investigate the trade-off between the throughput and the number of scheduled users. Hence, based on these results, the system should carefully select the appropriate number of scheduled users to maximize the overall throughput while maintaining an acceptable quality of service given certain channel conditions.
Introduction
Research in multiuser scheduling schemes for single users [1] [2] [3] and for multiple users [4, 5] has grown in recent years. Single user scheduling schemes [1] [2] [3] schedule only one user at a time. On the other hand, parallel multiuser scheduling schemes [4, 5] schedule multiple users at a time. The goal is to increase the throughput and to reduce the complexity of implementation. The throughput of multiuser scheduling schemes for single user [1] [2] [3] and multiple users [4, 5] was investigated assuming that the users are scheduled based on their signal to noise ration (SNR).
In conventional parallel multiuser scheduling schemes, a particular scheduled user's signal is detected by correlating signals of entired scheduled users at the receiver. Therefore, under these practical conditions, every scheduled user is interfering with every other scheduled user. These effect is called Multiple Access Interference (MAI) or Multiple User Interference (MUI). This MUI is a factor which limits the capacity and performance of multiuser systems and the level of interference becomes substantial as the number of scheduled users increases. To take into account the effect of MUI caused by the other scheduled users, we use in this paper the signal to interference plus noise ratio (SINR) which measures the ratio between the useful power and the amount of noise and interferences generated by all the other scheduled users. The level of interference becomes substantial as the number of the scheduled users increases because the SINR can decrease considerably in these conditions. This decrease in SINR can lead to a certain reduction of the rate allocated to each scheduled user.
With the above motivation in mind, we investigate in this paper the impact of interference on the performance (throughput) of the scheduled users assuming a selection based parallel multiuser scheduling scheme [4] . In particular, we derive the total average sum rate capacity and the average spectral efficiency (ASE) based on the SINR of the scheduled users. The major difficulty in deriving this total average sum rate capacity and ASE resides in the determination of the statistics of the SINR of the m-th scheduled user. Fortunately, extending the approach used in [6, 7] to derive some useful order statistics of interest, we accurately characterize the statistics of the SINR of the m-th scheduled user. These results are then applied to obtain the total average sum rate capacity and the ASE.
System and Channel Models
In our system model, we consider a code division multiple access (CDMA) system for the simultaneous scheduling of K s (K s = 0, 1, 2, . . . , K) users among K potential users per time-slot. We assume that there is some inter-user interference after the scheduling process. We also assume that the schemes have a reliable feedback path between the receiver and transmitter and that they are implemented in a discrete-time fashion with a time-slot composed of a guard time period followed by a data transmitting time period. During the guard time period, the system makes the necessary actions for scheduling the best K s users based on SNR information then estimating the SINRs of these scheduled users for rate allocation. Finally, it is assumed that the channel estimation is perfect at the receiver and that the feedback to the transmitter is performed upon request without any error.
We denote by γ i (i = 1, 2, . . . , K), the received SNR of the ith user and we adopt a block flat fading channel model. More specifically, assuming slowly-varying fading conditions, the different paths from users experience roughly the same fading conditions during the data burst and its preceding guard time period. In addition, the fading conditions are assumed to be independent across the paths from users and between guard time period and data burst pairs.
Based on the mode of operation of the proposed selection based parallel multiuser scheduling scheme, we select the best K s users for scheduling among the K users. Therefore, if we consider a general communication system and we let γ m:K be a SNR of m-th scheduled user (m = 1, 2, . . . , K s ) then the SINR of this user can be written as
where α is a multiuser interference cancellation coefficient which takes values between 0 to 1 and quantifies the level of MUI. In particular, when the MUI is canceled perfectly, the SINR reverts to the SNR. On the other hand when α = 1, the MUI is fully present. In this paper, we assume that the value of α is fixed for convenience.
Statistics of the SINRs of the Scheduled Users
Starting from (1), the CDF of γ SINRm , denoted by P γSINR m (·), can be calculated in terms of the 2-dimensional joint PDF of SNR of m-th desired scheduled user, γ m:K , and the sum of the SNRs of the inter-
After taking the derivative of (2) with respect to γ, the PDF of γ SINRm , denoted by p γSINR m (·) can be obtained as
Therfore, to obtain the statistics of γ SINRm , we need to find the 2-dimensional joint PDF of γ m:K and Because of space limitations, we only present the final results in this paper. The specific details behind the derivation of these results can be found in [8, 9] .
Based on papers in [8, 9] , we derive the generic expression of the joint PDF of γ m:K and
By considering these four cases, we can easily derive the target joint PDF as the expression given at the top of the next page.
Note that the operation in (4) involve only finite integrations of joint PDFs. Therefore, while a generic closed-form expression is not possible, the desired joint PDF can be easily numerically evaluated using standard mathematical packages such as Mathematica or Matlab and so on.
I.I.D Rayleigh Fading Special Case
The generic non-closed form results presented in [8] apply to various fading environments. However for the i.i.d. Rayleigh fading environment both the joint MGF and PDF of interest can be found in closed-form expressions (i.e. expressions which do not involve any single integral). Using the classical inverse Laplace transform pair and property, we can obtain the target joint PDF over i.i.d. Rayleigh fading conditions in closed-form as (9) or equivalently
Note that we have derived the joint PDF of γ m:K and Ks n=1 n =m γ n:K only for m = K s . For other cases, the marginals need to be computed in order to get the desired results. We can now apply these results to obtain the PDF of γ SINRm in (3) and therefore access the impact of the MUI on the performance of selection based parallel multiuser scheduling scheme.
Performance Analysis
In this section, we capitalize on the statistical results presented in the previous section to analyze the effect of interference on the throughput of the scheduled users assuming a selection based parallel multiuser scheduling scheme operating over i.i.d. Rayleigh fading conditions. In our simulation and numerical results, we use the selection based parallel multiuser scheduling scheme with K = 20 and different values of K s and we assume i.i.d. Rayleigh fading conditions. To investigate the ASE, we also apply the conventional uncoded adaptive modulation of [10] with N = 8. Based on page limitation, we only show some selected results only. However, you can find more detailed results from journal version.
Total Average Sum Rate Capacity

Analysis
The achievable rate, R m of the m-th scheduled user is limited by the individual instantaneous capacity C m as
Therefore, the individual average sum rate capacity [11] [12] [13] can be obtained by averaging (11) with respect to p γSINR m (γ) as C m = ∞ 0 log 2 (1 + γ) p γSINR m (γ)dγ. By adding the individual average sum rate capacities of the K s scheduled users, we can obtain the total average sum rate capacity as 
or equivalently Fig. 1 show the total average sum rate capacity versus the number of scheduled users with various values of α. i) α = 0 In this case, the SINRs of the scheduled users are constant as K s increases. Therefore, the total average sum rate capacity is increasing continuously as K s increases. As a result, the system can schedule as many users as possible. ii) α = 1 In the region of low γ, the SINRs of the scheduled users are decreasing and finally saturates as K s increases but the values are almost constant. Therefore, the total average sum rate capacity is increasing as K s increases. As a result, in the region of low γ, the system can schedule as many users as possible. In the region of high γ, the SINRs of the scheduled users are decreasing considerably and finally saturated very quickly as K s increases. Therefore, the total average sum rate capacity is decreasing and finally saturates as K s increases. As a result, in the region of high γ, there is no interest in scheduling multiple users simultaneously. If the fairness of access requires the simultaneous scheduling of multiple users in the region of high γ, the system needs to select the number of scheduled users carefully by considering the total average sum rate capacity requirement and a channel status. iii) 0 < α < 1 The SINRs of the scheduled users are decreasing as K s increases. This decrement is increasing as γ increases. The SINR curve as a function of K s for fixed value of γ approaches a straight line as α approaches 0. In the region of low γ, the SINR curve as a function of K s is almost straight regardless of the value of α. Therefore, in the region of low γ, the total average sum rate capacity is increasing as K s increases but for fixed value of K s the gain is decreasing as α increases. In the region of high γ, in the case of very small α, the total average sum rate capacity is just increasing but in the case of very large α, the total average sum rate capacity is just decreasing as K s increases. Otherwise, the total average sum rate capacity is increasing as K s increases but the gain also depends on the value of α.
Numerical Examples
Note that the total average sum rate capacity graph saturates more quickly and for fixed number of scheduled users, K s , the gain is decreasing as α increases. Based on these facts, the system can schedule as many users as possible but the system needs to carefully select the number of scheduled users by considering the value of α, the total average sum rate capacity requirement, and the channel status.
Average Spectral Efficiency
Analysis
The ASE of the m-th scheduled user is obtained as the sum of the spectral efficiencies {R n } N n=1 of the individual codes, weighted by the probability P n that the SINR of this m-th scheduled user is assigned to the n-th region. Therefore, to obtain the overall ASE of the scheduled users for each time-slot, we just need to add the individual ASE of the scheduled users yielding
where
Numerical Examples
In Fig. 2 , we plot the ASE of the scheduled users as a function of the number of scheduled users with various values of α respectively. We can see from Fig. 2 that there exists a trade-off between the ASE and the number of scheduled users.
i) α = 0 In this case, the ASE does not depend on the type of adaptive modulation. The ASE always increases as K s increases. Therefore, the system can schedule as many users as possible. ii) α = 1 When α = 1 and in the region of high γ, the ASE decreases as K s increases. Therefore, in the region of high γ, there is no need to schedule multiple users. In case that multiple users scheduling is needed in the region of high γ, the system needs to select the number of scheduled users carefully by considering a system capacity requirement and a channel status. In the region of low γ, the ASE of the scheduled users with conventional adaptive modulation [10, [14] [15] [16] [17] [18] [19] is decreasing and finally becomes zero due to the discrete nature of adaptive modulation. Note that the SINRs of the scheduled users is decreasing and finally saturated as K s increases (but these values are almost constant although these values are changing) and almost of these values are very small compared with the minimum threshold of a conventional adaptive modulation. Therefore, for this case, the ASE is decreasing and finally becomes zero. However, if the system employs the appropriate type of adaptive modulation for low SNR γ, in the region of low γ, the ASE may have a similar behavior as the total average sum rate capacity. iii) 0 < α < 1 When 0 < α < 1, in the region of high γ, the ASE with very small α is increasing but the ASE with very large α is decreasing as K s increases. Otherwise, the ASE is increasing and then decreasing and finally saturates as K s increases. The trade-off point is moving to left side as α increases. This means that when α is large, a trade-off happens for the smaller value of K s .
Note that based on the theoretical background, in the region of low γ, the ASE may have a similar behavior as the total average sum rate capacity. More specifically, in the region of low γ, the ASE of the scheduled users may be increasing as K s increases. Therefore, in the region of low γ, the system with the appropriate type of adaptive modulation for low SNR γ may schedule as many users as possible.
However, as you can see the results from Fig. 2 , in the region of low γ, the ASE of the scheduled users with conventional adaptive modulation with very large α is just decreasing. Otherwise, the ASE is increasing a little bit and then suddenly decreasing and finally saturates as K s increases due to the discrete nature of adaptive modulation.
Note that the ASE depends on both the value of α and the type of adaptive modulation especially in the low average SNR region. Therefore, if the system employs the appropriate type of adaptive modulation, in the region of low γ, the system can schedule as many users as possible but in the region of high γ, due to the trade-off between the ASE and the number of scheduled users, the system needs to select the number of scheduled users carefully by considering a system requirement and the channel status. 
